Abstract-This paper presents a variable structure control in natural frame for a three-phase gird-connected voltage-source inverter with LCL filter. The proposed control method is based on modifying the converter model in natural reference frame, preserving the low-frequency state-space variables dynamics. Using this model in a Kalman filter (KF), the system state-space variables are estimated allowing us to design three independent current slidingmode controllers. The main closed-loop features of the proposed method are: first, robustness against grid inductance variations because the proposed model is independent of the grid inductance; second, the power losses are reduced since physical damping resistors are avoided; third, the control bandwidth can be increased due to the combination of a variable hysteresis comparator with the KF; and fourth, the grid-side current is directly controlled providing high robustness against harmonics in the grid. To complete the control scheme, a theoretical stability analysis is developed. Finally, selected experimental results validate the proposed control strategy and permit illustrating all its appealing features.
Kalman filter (KF) based control has been widely used in power electronics [2] , where accurate power converter models are considered to estimate the state variables. Unlike these control methods, the model-based control presented in this paper uses a modified state-space model, which preserves the lowfrequency state-space variables dynamics, and allows us to design a robust sliding-mode control (SMC) in natural reference frame. The use of the SMC technique improves the tracking behavior and dynamic performances, providing fast dynamic response with high robustness against system parameters variations [3] , [4] .
The SMC technique was also introduced in a single-phase grid-connected LCL-filtered VSI with interesting properties as fast dynamic response, robustness, and sinusoidal grid currents with low total harmonic distortion (THD) [5] , [6] . Besides, the use of SMC has been applied to three-phase active power filters in stationary and rotating reference frames [7] . Other relevant works regarding the SMC technique can be found in [8] [9] [10] [11] [12] [13] .
Traditionally, VSIs with LCL filter have been controlled by means of the inverter-side current. Recent references can be found regarding to the control of the grid-side current for singlephase systems [14] , [15] or for three-phase systems [16] [17] [18] . In most of these proposals, the use of digital filters is needed in others to implement the control algorithm, and as a consequence the robustness against system parameters variations may be compromised.
Conversely, and as per author's knowledge, there are no references in the literature about the use of the SMC in abc frame applied to control the grid-side current. Besides, with a direct control of the grid-side current high robustness against a distorted grid is achieved, and as a consequence, a reduction of the THD of the currents injected to the grid. Then, with this method, digital filters in the closed-loop system are not required.
This paper proposes a sliding-mode controller based on a KF in order to perform a direct control of the current injected to the grid by imposing a desired dynamics. The proposed controller scheme estimates the state-space variables including the voltages at the point of common coupling (PCC). The SMC parameters are obtained by analyzing the system stability taking into account the influence of the KF. The estimated PCC voltages are used in a hysteresis current control to reduce the switching noise and improve the switching spectrum. The main advantage of this method is that it is not necessary to compensate the grid harmonics in order to achieve sinusoidal grid currents with a low THD 0885-8993 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. [19] . Besides, since the control method is based on controlling the grid-side current instead of the inverter-side current, some problems are avoided such as the sensitivity to parameter uncertainties specifically with the grid inductance variations, and the phase shift between the current injected to the grid and its reference, which is more important for low values of active power. Another interesting property is that the averaged neutral point voltage can be changed by modifying the space-state model of the converter used in the KF algorithm. As an example a third harmonic voltage can be injected in the neutral point in order to increase the control dynamic range. This property is useful in PV applications.
A methodology to analyze and design a robust controller of the grid current in natural reference frame is presented. This method is based on following steps: 1) a modified state-space model of the VSI is proposed to design three independent current controllers in natural reference frame; 2) the switching surfaces are designed in order to obtain a closed-loop dynamics independent of the system parameters, using estimated variables obtained from a KF; 3) a complete stability analysis is performed taking into account the effect of the KF, the system discretization, and the deviation in the system parameters. This analysis proves the system robustness; 4) finally, experimental results are reported to prove the aforementioned properties, including the controller response against a distorted grid and voltage sags. This paper is organized as follows. In Section II, a linear model of the VSI with an LCL filter is presented. Section III introduces the conventional SMC using the inverter-side current. Section IV presents the proposed control system. A stability analysis is presented in Section VI. Experimental results are reported in Section VI. Finally, Section VII concludes this paper.
II. MODELING OF VSI WITH AN LCL FILTER
A circuit scheme of a grid-connected inverter with LCL filter is depicted in Fig. 1 . The three-phase system equations can be written as follows: T are the control variables, v n and v n are the voltages at the neutral points, and I 1 is a column vector defined as [1 1 1] T . Assuming that the grid voltages are balanced (i.e., v ga + v gb + v gc = 0 and v ca + v cb + v cc = 0), the expressions for the neutral point voltages can be reduced as follows:
The equations for the VSI model can be rewritten as a discrete space-state model. The discrete equations will be used in the stability analysis section in order to find the control parameters. The process and measurement discrete equations for each phase leg i are expressed as follows:
where
is the state-space vector. The remaining matrices are defined as
T s being the sampling time.
III. CONVENTIONAL SMC USING THE INVERTER-SIDE CURRENT
As a first approach, a sliding surface vector used to control the inverter-side currents can be defined as follows:
where the reference current vector i
T is given in [20] , and defined as follows:
with V p the peak voltage value, and P * and Q * the active and reactive power references, respectively.
When the system is in sliding regime, the converter dynamics is forced to evolve over the sliding surface, and the new dynamics can be derived according to the invariance conditions, S = 0 andṠ = 0 [21] . By applying these conditions to (1)-(3), the following grid-side current differential equation can be found:
The output-current dynamics exhibits an oscillatory behavior, as it can be deduced from (16) , where the resonance frequency is given by 1/2π √ L 2 C. The straightforward solution is to apply passive damping by connecting a resistor in series with the capacitor filter C. Then, the ideal sliding-mode dynamics results in
where R d is the damping resistor. From the last equations, the closed-loop grid-side current differential equation can be derived as follows:
Assuming a grid-connected application, where only active power is delivered to the grid, the reactive power is not considered (i.e., Q * = 0). Then, by applying the Laplace transform to 20, and using (13)- (15) with Q * = 0, the transfer function between the grid-side current and its reference is found
As it can be deduced from (21), a phase shift between i 2 and i * is produced. Note that this phase shift depends on the reference active power value P * .
IV. PROPOSED CONTROL SYSTEM
The control scheme for phase leg i is depicted in Fig. 2 . The control block diagram consists of a KF, a reference neutral point voltage calculator, and the switching surface used together with a variable hysteresis band combined with a switching decision algorithm [20] . This combination allows us to obtain an improved switching spectrum concentrated around the desired switching frequency.
Besides, in this section, a KF algorithm based on a modified space-state model is presented. Finally, in order to obtain the control parameters, a complete stability analysis is performed including the KF effect. 
A. Kalman Filter 1) Proposed Space-State Model of the VSI:
The proposed state-space model is defined by the following differential equations:
where v * n is the reference neutral point voltage, ω o is the angular grid frequency, and v and v q are the voltages vector at the PCC and its quadrature, respectively. Note that, using v * n in (22) instead of v n as in (1), a perfect decoupling between phases is obtained in the proposed model. This simple change allows the dynamics of the inverter-side current of each phase relying only on its corresponding control input. This fact can be clearly observed by considering the expression of v n written in (4) . By using this model, the KF is also applied to extract the fundamental component and its quadrature of the PCC voltages. This fact allows us to generate sinusoidal reference currents even in case of a highly distorted grid [22] .
In order to use the aforementioned model in a KF, a discrete model is necessary. The augmented discrete space-state model including the PCC voltages is written as follows:
where w i (k) and η i (k) are the process and the measurement noise vectors, respectively, and
Note that the circumflex symbol denotes estimated variables.
We can take advantage of the reference neutral point voltage v * n , shown in (22) , to impose a desired voltage. For instance, a third harmonic can be imposed at the neutral point, which can be obtained following the steps in [20] , and it is expressed as:
where |v| = [v avbvc ] is the vector of estimated voltages at the PCC. The last expression does not have any dependence with the control signals u a,b,c . For this reason, this solution not only increases the controllers dynamic range, but also achieves a perfect decoupling between controllers.
On the other hand, the system is controlled using only one sensor in the grid-side current, as it is shown in Fig. 2 . Then, the system observability and controllability should be ensured. The observability matrix can be obtained from (30) and (32) which yields
and using (30) and (31) the controllability matrix Γ is given by
Matrix O is of full rank, (i.e., rank{O} = 5), and as a consequence the system is observable using only the measured current i 2i . However, the controllability matrix is of rank 3 and only a controllable subspace can be considered. Note that in this particular case the controllable subspace is given by matrix (8), which contains the control variable i 2i . Besides, the states v i and v iq are stable states with bounded limits, therefore the controllability is ensured.
2) KF Algorithm:
The KF algorithm is widely explained in the literature [23] so only a brief summary of its equations will be given in this section. The recursive Kalman algorithm computation is divided in two parts: time updating and measurement updating. From the well-known equations of the KF [24] , the equation for the estate estimation can be expressed as follows:
where the Kalman gain is computed as
where P i is the error covariance matrix for phase leg i and R i is the measurement noise covariance matrix. The algorithm and some interesting steps to reduce the computational time are explained in [24] .
B. Derivation of the SMC by Dynamic Imposition
In this paper, the sliding surfaces are designed by imposing a desired dynamics behavior with active damping capability. The sliding surfaces will be used as grid-current controllers in order to achieve high current tracking accuracy with stable dynamics. In the switching surfaces implementation only estimated variables are used.
The first step in a switching surface design is to calculate the relative degree associated with the output variable. The desired closed-loop output-current dynamics can be then specified according to the relative degree ofî 2 . The relative degree of a state variable is the smallest number of differentiations with regards to time, so that the control input u appears explicitly [21] . From (22) - (24), it can be easily found that
Then, the relative degree ofî 2 is three. From (1)- (3) the openloop output-current dynamics can be expressed as follows:
Note that in the previous expression, the control action u is in the time derivative term of i 1 . The choice of the sliding surface vector S constitutes the second step. Here, we introduce the use of invariance conditions to synthesize proper sliding surfaces to guarantee perfect tracking dynamics i 2 = i * . The desired closed-loop linear dynamics that guarantees a perfect tracking performance until the third derivative term of the output-current error is
It is worth to mention that this ideal dynamics does not rely on the system parameters and only depends on the controller parameters λ. This fact provides a high robustness against system parameters deviations. However, since a KF is used, the effect of the KF and the system discretization should be analyzed. For this reason, in Section V, a complete analysis of system stability and robustness against system parameters deviation will be performed.
Here, it is important to remark that the order of the specified dynamics coincides with the relative degree of the output current; otherwise, the desired dynamics cannot be ensured by the control action u [25] , [26] .
In sliding regime, the converter dynamics are forced to evolve over the sliding surface S, according to the invariance condition S =Ṡ = 0 [25] . Such property can be used to design a controller that guarantees the desired dynamics (41). In fact, a similar approach was previously employed in [27] in a different application, with good static and dynamic properties. Now, by subtracting (40) from (41) and equalizing the result to the invariance conditionṠ = 0 [25] yields
and consequently
The aforementioned expression can be simplified by taking λ 3 = L 2 C and considering that λ 3
The last requirement in the design of SMC is to satisfy the reaching conditions. The most often used reaching conditions for each phase leg i are given by
which allows us to determine the control law
In Section V, an analysis of the closed-loop system stability is performed in order to obtain the control parameters.
V. STABILITY ANALYSIS
In this section, the stability of the proposed control system is analyzed. This analysis takes into account the effect of the KF because it modifies the system dynamics behavior. According to Section IV-A, the controllers are decoupled, and each phase leg can be treated independently in order to perform the stability analysis.
A. Discrete Equivalent Control Deduction
For this analysis, only the state variables i 1i , v ci, and i 2i are used, and the voltages at the PCC are considered as disturbances. In this case the state-space system equations for each phase leg i can be defined as follows:
where matrix A, and vectors B and C are defined in (8)- (10), respectively, and f (k) is a disturbance vector. The discrete sliding surface equation can be obtained from (43) yielding
where the integral term is defined as
and g(v, i * i ) is a function with bounded limits depending of the disturbances. The last expression can be rewritten as follows:
Vectorx i (k + 1) is the estimated state vector, which can be obtained using the KF estimation aŝ
whereÂ is the system matrix obtained from the proposed model, which contains the LCL nominal values, A is the real system matrix defined in (8) ,
is the estimation error, and u ieq (k) is the equivalent control of phase leg i, which is the solution of ΔS i = S i (k + 1) − S i (k) = 0, [28] . Taking into account the aforementioned expression, the discrete equivalent control can be found by using (56) in (51) evaluated at time k + 1, yieldinĝ
where the gain matrix G is expressed as
B. Closed-Loop Equations
In the ideal sliding regime, one has S i (k + 1) = S i (k) = 0. Then, (57) can be reduced tô
where the gains K 1 , K 2 , and K 3 are defined as follows:
Note that the disturbances function g(v, i * i ) has been removed for simplicity, since it has no effect in the stability analysis.
In order to find the closed-loop equations, (59) is replaced in (47) and in (56). Assuming f (k) in (47) has bounded limits, these function can also be removed for the stability analysis procedure, leading to
Now, by subtracting (64) from (63), the equation for the estimation error at time k + 1 is obtained
The closed-loop equations are defined by (63) and (65). Then, by taking into account that
and using (56) in (66), the closed-loop equations in matrix form can be found ⎛ ⎜ ⎝
where matrix G can defined as follows:
C. Closed-Loop Poles
The closed-loop dynamic behavior will be given by the eigenvalues of matrix G, which are the solution of det(zI − G) = 0. In order to ensure the system stability, the eigenvalues should lie inside the unity circle in the z-plane. In a first stage, we assume that the system parameters deviations are zero. In this case, it is accomplished that A =Â in the matrix G.
The converter open-loop poles in each phase leg i are three (5), but the observer introduces three more poles (56). When the system is in closed-loop operation, one more pole is added due to the presence of the integrator in the sliding surface, the total number of poles being seven .
However, it is found that while the system is in sliding regime, one pole is fixed at the origin (z = 0) due to the sliding equation, which forces the grid-side current to track its reference (i.e., i 2 = i * ), and as a consequence, the system order is reduced in one unit. The position of the remaining poles can be adjusted by tuning the control parameters.
The pole maps for two different cases are presented in Fig. 3 . As it can be seen, the three poles provided by the KF lie in the same position in both figures since the Kalman gain is fixed. The position of the other three poles can be adjusted by changing λ parameters. In Fig. 3(a) the control parameters are selected for an oscillating behavior and these poles are outside the unity circle in the complex z plane. In Fig. 3(b) the control parameters are changed, and the poles are attracted inside the unity circle providing stable dynamics.
D. System Parameters Robustness Analysis
In the previous section, the stability of the system has been analyzed. However, the deviations of the LCL filter parameters should be studied. Here, we assume that A =Â, which means that the reactive components do not coincide with their nominal values. Note that according to the matrix G, the overall system stability does not rely on the grid inductance variations. This is an important feature of the proposed control algorithm, which will be shown in the experimental results section. Fig. 4(b)-(c) shows the roots locus of the closed-loop system in the case of parameter deviations in the LCL filter. According to [29] , deviations of ±30% on the rated values have been taken to verify the system robustness. In each case, variations of only one parameter in the system matrix A are applied, while the rest of the parameters remains unchanged. It must be noticed that, for this analysis the matrixÂ should contain the LCL nominal values. From the figures, it can be seen that the eigenvalues have small variation for a large variations of the LCL parameters. This fact verifies the high robustness of the proposed control method against deviations in the system parameters. In order to conclude the robustness analysis, different tests with harmonics in the grid and voltage sags will be shown in the experimental results section. 
VI. EXPERIMENTAL VALIDATION
An experimental three-phase three-wire inverter prototype was built using a 4.5-kVA SEMIKRON full-bridge as the power converter and a TMS320F28M35 floating-point digital signal processor (DSP) as the control platform with a sampling frequency of 40 kHz. The grid and the dc-link voltages have been generated using a PACIFIC 360-AMX and an AMREL SPS1000-10-K0E3 sources, respectively. A photograph of the experimental setup is shown in Fig. 5 . Table I lists the system parameters used in the experimental prototype. Some results are imported to MATLAB by means of a script through which the computer communicates with the DSP. 6 shows the equivalent control for phase leg a, obtained by low-pass filtering the control signal u a . The equivalent control is affected by the reference neutral point voltage, which injects a third harmonic in the control signal as desired. As a consequence, the dynamic control range is extended by simply including the suitable reference neutral point voltage in the KF algorithm. Fig . 7 compares the tracking performances of the proposed control method with the conventional SMC when only active power is injected to the grid. In Fig 7(a) and (b) , conventional SMC expressed in (12) with a physical damping resistor of 68 Ω is used. The damping resistor is selected in accordance with guidelines reported in [30] . Fig. 7(a) shows a phase shift around 7
• when the reference active power is 750 W. This phase shift is reduced when the reference active power is increased up to 1500 W, as shown Fig. 7(b) . It can be seen from both figures that using the conventional SMC, the phase shift has a dependence on the power injected to the grid according to (21) .
If the proposed controller (43) is used the grid-side current tracks, its reference without error regardless of P * , as shown in Fig. 7(c) and (d) . Fig. 8(a) and (b) shows the grid-side currents and the active and reactive power, respectively. Three cases are considered: oscillation behavior, stable behavior, and a power step change described as follows.
A. Test of the VSI Against Sudden Changes in the Active Power Reference
1) In the oscillation case, the control parameters λ 0 = λ 2 = 0 and λ 1 = 1 are chosen and the system is oscillating, as predicted in Fig. 3(a) . In this case, the SMC is used to control the inverter-side current as given in Section III [see (12) ]. 2) In the stable case, the control parameters λ 0 and λ 2 are selected 1000 and 136 · 10 −6 , respectively. In this case, grid currents and powers track their respective references. 3) Finally, in the case of an active power step change, from 750 to 1500 W, a stable operation with fast transient response is achieved due to the use of the SMC, as shown in Fig. 8(b) . Fig. 9(a) shows the grid-side current of phase leg a for three different values of the grid inductance, 0.8, 2, and 5 mH, when the conventional SMC is used. An oscillatory behavior in the grid-side currents appears when the grid inductance is more than 3 mH. When the proposed control is used, this oscillation disappears, as it can be seen in Fig. 9(b) , which makes the system robust against grid inductance variations. Fig. 10 compares the three-phase grid currents using the conventional SMC (12) and using the proposed control method in the case of a distorted grid. This figure shows the distorted PCC voltages, in which the THD is around 16%, and the grid-side currents. From the figure, it can been observed that when the conventional SMC is used, a distortion in the grid currents appears. The reason is that the method for generating the reference currents uses distorted PCC voltages. In contrast, when the proposed control method is used, the grid currents are sinusoidal since the reference current is generated by using only the fundamental component of the PCC voltage, which is obtained from the KF. Note that with this proposal, the use of extra filters for the grid voltages is not necessary.
B. Test of Robustness Against Grid Inductance Variations

C. Test of VSI Under a Distorted Grid
D. Test of the VSI Under Voltage SAGS
The proposed controller can also operate in case of voltage sags. [31] . Note that the use of a specific PLL algorithm for extracting the positive and negative sequence grid voltage components is not necessary in this case. Note that the currents amplitude is increased in order to maintain the desired active power due to the sag.
E. Switching Spectrum
In Fig. 12 , the control signal spectrum is shown. Note that the spectrum is concentrated around 6 kHz, as desired by using the switching decision algorithm presented in [24] . 
VII. CONCLUSION
In this paper, a sliding-mode observer-based control for gridconnected LCL-filtered three-phase inverter is proposed. The control algorithm is based on SMC in combination with a KF. This proposal allows us to obtain three decoupled controllers, which provide the desired dynamics to the grid-side current. The proposed control technique also improves the tracking performance of the reference and also increases the robustness against grid inductance variation. Theoretical and experimental results show that with this controller, no physical damping resistors are needed to reduce the control losses. In addition, a sinusoidal third harmonic voltage can be injected at the neutral point increasing the control dynamic range. The system stability analysis has also been performed allowing us to find the main control parameters.
